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1.0 SUMMARY 
Measurements of t he  d i f f u s i o n  c o e f f i c i e n t s  of gases i n  
LiOH s o l u t i o n s  have been continued. No s i g n i f i c a n t  progress has  
been made i n  t h i s  d i r e c t i o n  due t o  instrumental  problems. For t h e  
p re sen t ,  it is planned t o  use  t h e  dropping mercury e l ec t rode  f o r  measur- 
i ng  t h e  d i f f u s i o n  c o e f f i c i e n t s  of oxygen i n  LiOH so lu t ions .  
A modified Percus-Yevick theory f o r  gases i n  e l e c t r o l y t e s  
has been developed. 
ground and g ives  b e t t e r  p red ic t ion  than  any o t h e r  e x i s t i n g  theory. 
Extensive ca l cu la t ions  based on t h i s  theory are being planned. 
The completion of t h e  experimental l abora tory  f o r  measuring 
This theory w a s  based on sound t h e o r e t i c a l  back- 
p a r t i a l  molal volume allowed a f e w  measurements on some con t ro l l ed  
systems. Even though some unforeseen problems a rose  i n  t h e  measuring 
procedure, i t  is expected t h a t  a c t u a l  measurements can be  s t a r t e d  i n  
t h e  near f u t u r e .  
Experimental s t u d i e s  on t h e  vapor p re s su re  of LiOH s o l u t i o n s ,  
and s o l u b i l i t y  of non-polar gases i n  LiOH have been completed. I n  
add i t ion ,  t h e  d i f f u s i o n  c o e f f i c i e n t s  of O2 and H 
i n  t h e  l i g h t  of t h e  f r e e  volume theory. This theory gives t h e  co r rec t  
q u a l i t a t i v e  t rends  of concentration dependence, bu t  q u a n t i t a t i v e  predic- 
t i o n  cannot be  made due t o  t h e  presence of some unknown cons tan ts .  
i n  KOH w e r e  s tud ied  2 
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2.0 DIFFUSION O F  OXYGEN I N  LITHIUM HYDROXIDE SOLUTIONS 
This  work w a s  undertaken i n  January, bu t  no real progress 
can be  repor ted  a t  t h e  end of this r epor t ing  period by reason of a 
series of  ins t rumenta l  problems. 
overcome wi th  t h e  result t h a t  w e  expect t o  be a b l e  t o  make d i f f u s i v i t y  
measurements wi th  t h e  dropping mercury e l ec t rode  i n  t h e  immediate 
f u t u r e .  
These have now been s u b s t a n t i a l l y  
Severa l  attempts have been made t o  use  t h e  s tagnant  micro- 
e l ec t rode  technique f o r  measuring t h e  d i f f u s i v i t y  o f  oxygen i n  LiOH 
so lu t ions  but  t h e s e  have n o t  been success fu l ,  
d i f f i c u l t y  i n  obta in ing  reproducib le  cu r ren t s  and p o t e n t i a l s .  
t h e  dropping mercury e l ec t rode  now seems t o  be giving r e l i a b l e  r e s u l t s ,  
t h e  s tagnant  microelectrode w i l l  be set a s i d e  f o r  t h e  t i m e  being. 
W e  have had g r e a t  
Since 
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3.0 PARTIAL MOLAL VOLUME O F  GASES I N  ELECTROLYTE SYSTEMS 
Several  improvements t o  both t h e  experimental and t h e o r e t i c a l  
developments on t h e  p a r t i a l  molal volume of gases i n  e l e c t r o l y t e s  w e r e  
begun during t h e  l as t  r epor t ing  period. Section 3.1 reviews t h e  experi- 
mental developments f o r  t h e  determination of  t h e  p a r t i a l  molal volumes, 
s e c t i o n  3.2 b r i e f l y  descr ibes  t h e  r ecen t  t h e o r e t i c a l  results and s e c t i o n  
3.3 descr ibes  t h e  work being c a r r i e d  o u t  on s a l t i n g - i n  by complex i o n  
e l e c t r o l y t e s .  
3.1 Exp erimental  Measurements 
The experimental l abora tory  f o r  t h e  determination of p a r t i a l  
molal volumes of gases i n  e l e c t r o l y t e  s o l u t i o n s  i s  now complete. The 
major components of t h e  system, as described i n  t h e  l a s t  r epor t  (1) 
are performing according t o  s p e c i f i c a t i o n s  and the  only major drawback 
has been t h e  s p e c i a l  glassware i n  which t h e  a c t u a l  measurement i s  made. 
A c e  Glass Company has cont rac ted  t o  bu i ld  t h e  necessary glassware 
(dilatometers) which have now gone through several s t ages  of refinement. 
The d i la tometers  made by A c e  appear t o  be of s a t i s f a c t o r y  cons t ruc t ion  
and preliminary runs on some con t ro l  systems are now being evaluated. 
Some experimental problems not o r i g i n a l l y  envisioned have 
appeared. One of t hese  concerned accu ra t e  temperature con t ro l  bu t  has 
been s a t i s f a c t o r i l y  solved. The o t h e r  concerns t h e  a c t u a l  measurement 
i n  t h e  d i la tometer .  It w a s  found t h a t  mercury of t he  h ighes t  pu r i ty  
poss ib l e  w a s  needed i n  o rde r  t o  adequately i s o l a t e  t h e  known volume of 
l i q u i d  i n  t h e  dilatometer.  Mercury of marginal p u r i t y  caused i t  t o  
adhere t o  t h e  w a l l s  of t h e  f i v e  c a p i l l a r y  l i n e s  lead ing  i n t o  t h e  d i l a t o -  
meter bulb. Since t h e  d i la tometer  is completely enclosed with only 
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t hese  c a p i l l a r y  l i n e s  lead ing  i n t o  i t ,  i t  w a s  f u r t h e r  d i f f i c u l t  t o  c l e a n  
t h e  apparatus a f t e r  a run. These mercury p u r i t y  and d i la tometer  cleaning 
problems have forced  us t o  undertake some r a t h e r  e l abora t e  and t i m e  
consuming procedures i n  o rde r  t o  i n s u r e  accu ra t e  measurements. 
3.2 Percus-Yevick Theory of Gas-Electrolyte Systems 
Recent developments i n  an  accurate equation of state f o r  hard 
spheres (2) have modified t h e  P-Y theory of  gases i n  e l e c t r o l y t e s  accord- 
ing ly .  W e  have begun a r a t h e r  ex tens ive  t h e o r e t i c a l  study of t h e  s a l t i n g -  
i n  and sa l t ing-out  phenomena f o r  a l a r g e  number of gases and e l e c t r o l y t e s  
using t h i s  modified P-Y theory. Calcu la t ions  show t h a t  t h i s  theory i s  
indeed a n  exce l l en t  one f o r  concentrated e l e c t r o l y t e  so lu t ions .  An 
a b s t r a c t  of t h i s  work has been accepted for presen ta t ion  a t  t h e  August, 1970 
AIChE meeting i n  Denver ( 3 ) .  I n  t h i s  st'udy w e  have included many a l k a l i  
h a l i d e  salts, some t e t r a -a lky l  ammonium salts  as w e l l  as t h e  KOH system. 
W e  p l an  t o  g ive  a complete account of t h i s  work i n  t h e  next semi-annual 
r epor t .  
3 . 3  Sal t ing- In  by Complex Ion  E lec t ro ly t e s  
I n  t h e  last semi-annual r e p o r t  (1) w e  described some of t h e  
anomalous behavior exhib i ted  by c e r t a i n  l a r g e  t e t r a -a lky l  ammonium salts. 
These systems w e r e  of i n t e r e s t  both from a t h e o r e t i c a l  viewpoint s i n c e  
e x i s t i n g  theo r i e s  could not expla in  t h i s  phenomenon and a n  experimental 
viewpoint s i n c e  these  salts  increased  t h e  s o l u b i l i t y  of s o l u t e  gases wi th  
increased s a l t  concentration. 
One of t h e  problems i n  using t h e  p re sen t  P-Y theory t o  study 
these  systems is  t h a t  c e r t a i n  of t h e  molecular parameters are unknown. 
Espec ia l ly  troublesome is t h e  energy parameter &/k. I n  o rde r  t o  ob ta in  
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t h i s  quan t i ty  t h e  p o l a r i z a b i l i t y  of t h e  i o n  must be  ava i l ab le .  No such 
d a t a  exists and we  have undertaken a n  experimental program t o  determine 
t h e  i o n i c  p o l a r i z a b i l i t i e s  f o r  a number of l a r g e  t e t r a -a lky l  ammonium 
bromides. I 
The r e l a t i o n s h i p  between t h e  p o l a r i z a b i l i t y  cx and‘ i t s  molar 
r e f r a c t i o n  R is given by 
n2 - 1 = -  3R 
47TN n + 2  
(3-1) 
where N i s  t h e  number of molecules i n  volume V and n i s  t h e  index of 
r e f r a c t i o n .  
ments. 
of both (Y and 0 d i r e c t l y  from measurements of t h e  index of r e f r a c t i o n  
as a func t ion  of i o n  concentration. The energy parameter E is obtained 
from t h e  experimentally obtained p o l a r i z a b i l i t i e s  01 from Mavroyannis- 
Stephen ( 5 )  theory f o r  d i spe r s ion  i n t e r a c t i o n s  and g ives  
Thus, it is poss ib l e  t o  o b t a i n  01 from refractometry measure- 
We are using a method due t o  Bb’ttcher (4) f o r  t h e  determination 
3/2 1/2 -24 01 z 
E = 3.146 x 10 6 (ergs) 
a 
(3-2) 
where z i s  t h e  t o t a l  number of e l ec t rons  i n  t h e  i o n  and 0 is t h e  s i z e  
parameter. 
Experimentally a Brice-Phoenix D i f f e r e n t i a l  Refractometer is 
used f o r  t h e  determination of t h e  r e f r a c t i v e  index. 
on t h e  system (C H ) N , B r  
s e n s i t i v e  t o  small e r r o r s  i n  n.  W e  have concluded from t h i s  f i r s t  se t  
An i n i t i a l  study 
+ -  has shown t h a t  t h e  B6ttcher method i s  extremely 
2 5 4  
of experiments t h a t  b e t t e r  temperature c o n t r o l  of t he  r e f r a c t i v i t y  c e l l  
6 
. 
as well as better overall care i n  solution preparation and handling have 
become necessary i n  order  t o  achieve the needed accuracy. A special 
refractivity c e l l  has also been ordered which w i l l  enable us to make 
measurements over a wider concentration range. 
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4.0 SOLUBILITY OF NON-POLAR GASES I N  LITHIUM HYDROXIDE SOLUTIONS 
Experimental s tud ie s  of s o l u b i l i t i e s  of a series of non-polar 
gases i n  water and l i th ium hydroxide so lu t ions  over  a range of temperatures 
and concentrations have been made. 
w e r e  a l s o  measured, because accurate d a t a  f o r  vapor pressures  a t  var ious  
temperaturesand concentrationswere needed f o r  t h i s  study. 
Vapor pressure  of l i t h ium hydroxide 
4.1 Material 
Minimum p u r i t i e s  f o r  the gases used w e r e  helium and argon 
99.99%, hydrogen 99.9% and oxygen 99.6%. 
w e r e  prepared f rom d i s t i l l e d  and degassed water. 
p e l l e t s  used f o r  preparing so lu t ions  w e r e  of 99.5% pur i ty .  
Lithium hydroxide so lu t ions  
Lithium hydroxide 
4.2 Vapor Pressure Measurements 
The apparatus used i n  t h e  measurements cons i s t s  of a highly 
pol ished silver tube f i t t e d  with water c i r c u l a t i n g  accessory. The silver 
tube w a s  i n se r t ed  i n t o  a g l a s s  vessel which contained t h e  s o l u t i o n  to  be  
measured. The procedure consis ted i n  f i r s t  equ i l ib ra t ing  the  s o l u t i o n  
i n  a constant  temperature bath,  a f t e r  evacuating i t  of any dissolved gas, 
then t h e  temperature of t h e  silver tube was  lowered u n t i l  t r a c e s  of dew 
appeared on the  silver surface.  The temperature of t h e  silver su r face  
gives  t h e  dew poin t  and thus t h e  vapor pressure  of t h e  s o l u t i o n  a t  t h a t  
p a r t i c u l a r  temperature. The r e s u l t s  of t he  measurements are l i s t e d  i n  
Table 4-1. 
To c o r r e l a t e  these  vapor pressure  da ta ,  t h e  Antoine equation 
w a s  used. 
B loglo P = A - - t+c (4-1) 
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Table 4-1 
Comparison Between Experimental and Calculated 
Vapor Pressure of Lithium Hydroxide 
wtX Temperature Jkp eriment a1 
LiOH Value 
0.0 25 23.75 
40 55.32 
60 149.38 
80 355.10 
100 760.00 
1.9 25 23.14 
40 53.88 
80 346.08 
100 731.92 
3.85 25 22.57 
40 52.16 
80 334.70 
100 694.82 
6.45 25 21.54 
40 50.42 
60 136.9 
80 323.63 
100 638.36 
Calculated % error 
23.76 - 0.06 
55.30 - 0.04 
149.17 - 0.10 
354.77 - 0.09 
760.80 + 0.1 
23.19 + 0.2 
53.85 - 0.05 
343.89 - 0.6 
736,08 + 0.5 . 
22 60 + 0.16 
52.21 0.10 
329 70 - 1.5 
702.37 + 1.0 
21.58 (22.03)* + 0.2 (2.3) 
50.34 (50.55) + 0.15 (0.26) 
13682 (134.12) - 0.5 (-2.0) 
324.75 (314.39) + 0.3 (-2.8) - (665,6) - (+4.27) 
9 
Table '4-1 (continued) 
w t %  Temp era ture 
L i O H  
8.05 25 
40 
80 
100 
10.1 25 
40 
60 
80 
100 
Ekp eriment a1 Calculated 
Value 
21.12 21.03 (21.43) 
49.02 49.05 (48 = 84) 
317.4 316.4 (299.34) 
601.89 - (630) 
20.3 20.09 (20.8) 
46.58 47.27 (47.27) 
129.13 129.13 (123.62) 
311.87 310.5 (286.11) 
549.71 - (599.06) 
% error 
- 0.4 (+le41 
+ 0.6 (-0.4) 
- 0.3 (-5.6) 
- (4.67) 
- 0.9 (2.7) 
+ 1.48 (+1.48) 
0 (-4.2) 
- 0.4 (-8.25) 
- (+8.98) 
* Values using parameter by f i t t i n g  data up to'lOO°C. 
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where P is  vapor pressure i n  millimeters of mercury, t is  temperature i n  
degrees cent igrade and A, B, and C are funct ions of concentrations.  
As i n  t h e  case of potassium hydroxide so lu t ions  (6), experi- 
mental r e s u l t s  were used to  f i t  equation (4-1) f o r  each concentration. 
The procedure is a s  follows: 
(1) The constant C f o r  each concentrat ion w a s  ca lcu la ted  from t h e  equation 
which w a s  obtained by rearranging equation (4-1). 
En equation (4-21, P 
ture t 
I s  t h e  vapor pressure  a t  a r b i t r a r i l y  chosen tempera- 1 
1' 
It turns  ou t  t h a t ,  t h e  bes t  choice of C i n  t h e  present  case 
is t h e  same as i n  t h e  case of potassium hydroxide so lu t ions  a t  t h e  same 
range of temperatures and concentrations (C w a s  found t o  be 235). 
(2) With known va lue  of C y  t h e  constants  A and B w e r e  obtained by least 
square f i t t i n g  equation (4-1). 
I n  Table 4-2, t h e  values  of t h e  constants  A ,  B and C f o r  d i f f e r e n t  
concentrations are tabulated.  S i m i l a r  t o  t he  case of KOH so lu t ions  (1) 
t he re  seems to  be a d iscont inui ty  i n  t h e  p l o t  of l o g  
temperatures above 80'6 and LiOH concentrations higher than 6.45 %. 
P vs - I. a t  10 t + C  
For 
these  concentrations two sets of constants  w e r e  given, one obtained by 
f i t t i n g  da ta  up t o  80'C and the  o ther  up t o  100'C. 
w a s  not  ava i l ab le ,  no attempt w a s  made t o  sepa ra t e  t h e  da ta  i n t o  high and 
Since da ta  above l0O'C 
low temperature regions,  and f i t t e d  them separa te ly .  
Table 4-1 shows t h e  comparison between experimental and 
11 
wt X LiOH 
0.0 
1.9 
3.85 
up to 8 O o C  
6.45 
up to l 0 O 0 C  
up to 8OoC 
8.05 * 
up to l0O0C 
up to 8OoC 
10.1 
up to l0O0C 
Table 4-2 
AntoIne Coeff iclents f o r  LiOH 
A B 
8.0998 1748.2 
8.0723 1743.8 
8.0200 1733.1 
8.0776 1753.3 
7.9543 1718.9 
8.0663 1753.3 
7.8895 1705.2 
8.1124 1770.4 
7.8321 1693.3 
C 
235 
235 
235 
235 
235 
235 
235 
235 
235 
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ca l cu la t ed  vapor pressure .  I n  m o s t  cases the agreement is wi th in  1%. It 
can a l s o  be seen  t h a t  b e t t e r  agreement w a s  obtained when t h e  p o i n t s  a t  
100°C w e r e  excluded from t h e  d a t a  f i t t e d  f o r  those  concentrations above 
6.45 w t  %. 
4 . 3  S o l u b i l i t y  Measurements 
The gas chromatographic method used i n  t h i s  research  is essen- 
t i a l l y  the same as t h a t  discussed by Gubbins, Carden and Walker (7) and 
f u r t h e r  improved by Shoor, Walker and Gubbins ( 8 ) .  The method cons is ted  
of first preparing a s a t u r a t e d  s o l u t i o n  of t h e  gas i n  t h e  e l e c t r o l y t e  by 
bubbling t h e  gas through t h e  s a t u r a t i n g  vessel. After reaching equilibrium, 
t h e  s o l u t i o n  was  analyzed using a Perkin-Elmer gas chromatograph equipped 
wi th  a thermal conductivity de t ec to r .  Attainment of equilibrium w a s  
checked by analyzing t h e  s o l u t i o n  a t  constant time i n t e r v a l s  u n t i l  t he  
composition remained t h e  same f o r  t h r e e  success ive  measurements. 
The s o l u b i l i t i e s  of oxygen, hydrogen, helium and argon i n  
l i t h ium hydroxide s o l u t i o n  w e r e  t abula ted  i n  Tables 4-3 and 4-4. These 
s o l u b i l i t y  da t a  expressed i n  terms of a c t i v i t y  c o e f f i c i e n t s  may be used 
t o  c a l c u l a t e  t h e  p a r t i a l  molal h e a t s  of s o l u t i o n  of t hese  non-polar'gases 
i n  LiOH so lu t ions .  The equation used i s  
The t rend  of v a r i a t i o n  of 
t u r e  is s i m i l a r  t o  t h a t  i n  potassium 
AH with concent ra t ion  and tempera- 
hydroxide so lu t ions .  A t y p i c a l  
1 
p l o t  of p a r t i a l m o l a l  hea t  of s o l u t i o n  is t h a t  f o r  argon and is shown i n  
Figure 4-1. 
f o r  d i l u t e  s o l u t i o n s  and become less negative as t h e  LiOH concent ra t ion  
These p a r t i a l  molal h e a t s  of so lu t ions  are l a r g e  and negative 
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Figure 4-1 Partial Molal Heat of Solut ion f o r  Argon 
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increases. 
t ive .  It was also found that the absolute values of AE1 are larger 
for larger molecules, and decrease with decrease i n  molecular s i z e .  
comparison between those of argon and helium at 6OoC is  shown i n  Figure 4-2. 
Also a t  low temperatures, the heat of solution is more nega- 
A 
17 
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Figure 4,2 Par t ia l  Molal H e a t  of Solutions for 
Argon and H e l i u m  at 60’C. 
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5.0 DIFFUSION COEFFICIENTS OF OXYGEN AND HYDROGEN I N  POTASSIUM HYDROXIDE 
SOLUTIONS 
Dif fus ion  c o e f f i c i e n t s  of oxygen and hydrogen i n  potassium 
hydroxide s o l u t i o n  w e r e  measured using t h e  s tagnant  microelectrode method. 
The r e s u l t s  w e r e  examined i n  r e l a t i o n  t o  t h e  modified Eyring theory and 
t h e  free volume theory of &hen and Turnbull. 
5.1 Exp erimen t a1 
5.1.1 Materials 
Potassium hydroxide p e l l e t s ,  containing a maximum of  1% R2C03 
w e r e  used. Solutions w e r e  prepared wi th  doubly d i s t i l l e d  water and 
s to red  i n  polyethylene b o t t l e s  f i t t e d  wi th  g l a s s  bulb containing Ascarite 
t o  minimize carbon dioxide absorption. Potassium fer rocyanide  s o l u t i o n  
w a s  prepared from Lnalyzed reagent grade s tandard  volumetric so lu t ions  
5.1.2 Di f fus ion  Coeff ic ien t  Measurements 
The method used was t h a t  of La i t i nen  and Kolthoff (9).  The 
microelectrode used i n  t h e  measurement cons is ted  of a b r i g h t  platinum d i s c  
cemented between two sec t ions  of p rec i s ion  bore c a p i l l a r y .  
p l a t e  of 5.2 x 4.5 cm s i z e  w a s  used as a counter e lec t rode .  
A silver 
Gas, presa tura ted  with water vapor w a s  bubbled through a d i f fu -  
s i o n  vessel u n t i l  t h e  s o l u t i o n  w a s  s a tu ra t ed  wi th  t h e  gas. The temperature 
of t h e  vessel and i ts  contents was  cont ro l led  wi th in  + O.0lo i n  a n  o i l  
bath. 
means of a syr inge .  A constant p o t e n t i a l  w a s  then appl ied  t o  t h e  micro- 
e l ec t rode  and' t h e  cur ren t  w a s  measured as a func t i cn  of time f o r  20 minutes. 
The d i f f u s i o n  l i m i t i n g  p o t e n t i a l s  used were - 0.4 t o  - 0.65 v o l t  f o r  
oxygen, and 0 .1  t o  0.25 v o l t  f o r  hydrogen. Residual cu r ren t s  were measured 
- 
The microelectrode w a s  f i l l e d  with gas s a t u r a t e d  s o l u t i o n  by 
19 
i n  a similar way after s t r i p p i n g  ou t  dissolved s o l u t e  gas with ni t rogen.  
Diffusion coe f f i c i en t s  w e r e  ca lcu la ted  from t h e  equation (9) 
2 
D=’[&] n t  (5-1) 
where i is n e t  d i f fus ion  cur ren t  i n  amperes, n is  number of e lec t rons  
t r ans fe r r ed ,  F is  t h e  Faraday, A is microelectrode area i n  cm , S i n  
t 
2 
concentrat ion of dissolved gas i n  g m o l e / d ,  and t i s  time i n  seconds. 
Cal ibra t ion  of t h e  Microelectrode 
The e lec t rode  a rea  w a s  determined by measuring t h e  d i f fus ion  
cu r ren t  vs t i m e  f o r  t h e  d i f fus ion  of 0.004 m potassium ferrocyanide i n  
a supporting e l e c t r o l y t e  of 0.1 N KC1,  
5.2 R e s u l t s  
The experimental results are presented i n  Tables 5-1 and 5-2. 
Since t h e  gas concentration is very low, t he  d i f fus ion  c o e f f i c i e n t s  
measured can be taken as t h e  d i f f e r e n t i a l  d i f fus ion  coe f f i c i en t s .  Each 
datum is t h e  a r i thmet ic  mean of five o r  s i x  dup l i ca t e  measurements. 
The estimated accuracy of t h e  measurement i s  + - 10%. It i s  i n t e r e s t i n g  
t o  c o r r e l a t e  these  results i n  an a n a l y t i c a l  form f o r  ease of i n t e rpo la t ion  
and ca lcu la t ion .  The equation f i t t e d  is of t he  Arrhenius type. 
In  D = A - E/RT 
where D i s  t h e  mutual d i f fus ion  coe f f i c i en t  i n  the  volume frame. 
R is  t h e  gas constant i n  ca l /g  mole OK. 
T is  i n  OK. 
A and E are funct ions of mass f r a c t i o n  of KOH. 
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wtX 
KOH 
3.5 
5 .0  
6 . 0  
10 .2  
13.0 
19.0 
24.0 
26.0 
32.5 
40 .2  
42.5 
51.5 
Table .5-1 
Diffusion Coefficients of Oxygen i n  Potassium Hydroxide 
2 5 Solutions i n  cm /see x 10 
25OC 
1.45k0.018 
1.18+0.02 
0.8550.015 
0.60k0.018 
0.40k0.01 
0.30+-0.012 
4OoC 
2.45k0.02 
1.75k0.01 
1.2550.019 
0 . 9 0 ~ 0 . 0 1  
0.57k0.02 
0.4520.015 
6OoC 
3.40k0.012 
2.45k0.021 
1.8050.016 
1.05+0.02 
0.85k0.01 
0.72k0.01 
8OoC l0O0C 
5.15k0.03 
3.70k0.035 
2.2220.031 3.70k0.045 
1.6450.049 
1.2520.03 1.71k0.07 
1.04k0.04 1.4820.06 
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Table 5-2 
Diffusion Coefficients of Hydrogen in Potassium Hydroxide 
2 5 Solutions in cm /sec x 10 
wtX 
KOH 25OC 40° C 60° C 8OoC l0O0C 
5.0 3.0120.015 4.6020.028 7.5520.043 11.620.086 
13.0 2.3620.02 3.6020.017 5.8220.06 8.70k0.054 
24.0 1.8520.01 2.7420.01 4.4620.032 6.7020.039 9.9020.2 
32.5 1.5520.023 2.4 20.01 3.4620.051 5.4020.066 
42.5 -1.2520.01 1.9520. 02 2.8920 .ll 4.4020.095 
51.5 1.1OkO.01 1.80k0.02 2.5320.04 3.8020.12 5.5920.13 
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The c o e f f i c i e n t s  A and E f o r  O2 and H are given as follows: 2 
Solu te  A E 
Gas 
4580.4 - 64.02 x 2 8.434 - 5.531 x + 3.475 x O2 
H2 
(2.29 - 0.468 X) 
exp 5131.35 - 1154.21 x 
where x is m a s s  f r a c t i o n  of KOH. These parameters p red ic t  r e s u l t s  
w e l l  wi th in  + LO% of the experimental results. - 
5.3 Discussion 
There is no s a t i s f a c t o r y  theory ava i l ab le  t o  descr ibe  the  
e f f e c t  of i o n i c  concentrat ion on the  d i f fus ion  coe f f i c i en t  of dissolved 
gases. 
An approximate descr ip t ion  of t h e  v a r i a t i o n  of D wi th  ion ic  
concentrat ion is obtained from a modification of t he  Eyring absolu te  
rate theory,  proposed by Ratcl i f f  and Holdcroft (10). This theory p red ic t s  
where C 
1000 p - CM + 18 c (v' + v-) t h a t  I n  D/Do is a l i n e a r  func t ion  of 
I) is t h e  d i f fus ion  coe f f i c i en t  of t h e  gas i n  pure w a t e r ,  and C i s  the  
concentration. This r e l a t i o n  was found t o  hold f o r  several simple gas- 
e l e c t r o l y t e  systems (10). For t h e  present  systems, l i n e a r  behavior was 
0 
observed up t o  moderate concentrations,  while s i g n i f i c a n t  devia t ion  
l i n e a r  behavior was observed a t  higher concentrat ions.  
An a l t e r n a t i v e  framework f o r  t h e  discussion of d i f fus ion  
Accord given by t h e  f r e e  volume theory of Cohen and Turnbull (11). 
from 
i s  
ng t o  
t h i s  theory t h e  molecules may be thought of as hard spheres,  and a d i f fus ive  
jump w i l l  only occur i f  an adjacent  hole  i s  ava i l ab le  f o r  t h e  molecule t o  
move into. 
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Then 
D = B P (rc > a) - (5-3) 
where P (r > a) is t h e  p robab i l i t y  t h a t  a cav i ty  of r ad ius  g r e a t e r  than  
o r  equal t o  a is a v a i l a b l e  f o r  t h e  d i f fus ing  molecules t o  move i n t o .  
According t o  t h e  E ins t e in  theory of f l u c t u a t i o n s ,  t h e  p r o b a b i l i t y  P(rc > c )  
is given by 
C -  
- 
where gc is  t h e  Gibbs f r e e  energy change needed t o  form a cavi ty .  
. .  D = B e ~ p  [ - Gc/Rt  ] (5-5) 
where G is  t h e  Gibbs f r e e  energy change p e r  mole of cavities. The l a t t e r  
can be  ca l cu la t ed  from the  sca led  p a r t i c l e  theory of R e i s s  et a l .  (12¶13). 
Table 5-3 compares va lues  of - (Gc - Go,>/RT wi th  I n  D/D f o r  t h e  systems 
s tud ied  here .  The r e s u l t s  lend q u a l i t a t i v e  support  t o  t h e  ideas  of t h e  
C 
--
0 
Cohen-Turnbull theory. Thus, t h e  number of cavities of s u i t a b l e  s i z e  
decreases as t h e  KOH concentration increases .  This e f f e c t  is common i n  
most e l e c t r o l y t e s ,  and evidence f o r  t h i s  t rend  is a l s o  a v a i l a b l e  from 
p a r t i a l  molal  entropy measurement (14,151. 
t h a t  t h e  decrease i n  t h e  number of cavities when e l e c t r o l y t e  is  added i s  
It is  a l s o  seen  from Table 5-3 
more pronounced for oxygen than  for hydrogen, and th i s  t rend  parallels 
t h e  g r e a t e r  decrease i n  D/Do f o r  oxygen. Amore q u a n t i t a t i v e  test of t h e  
24 
Table -5-3 
Gibbs Free Energy f o r  Cavity Formation a t  25OC and Act ivat ion Energy 
of Diffusion (cal/g mole) f o r  Oxygen and Hydrogen i n  KOH Solut ions 
C1 - ( G ~  - G:)/RT~ 
0 2 Solu te  
0 0 
2 - 1.12 
5 - 2.82 
10 - 5.70 
14 - 8.10 
0 
2 
5 
10 
14 
H2 Solute 
0 
- 0.84 
- 2.06 
- 4.13 
- 5.82 
3 In ( D / D ~ )  
0 
- 0.541 
- 1.069 
- 1.627 
- 1.902 
0 
- 0.352 
6 0.655 
- 1.024 
- 1.197 
E 
4700 
4680 
4740 
4560 
4580 
5240 
5010 
4850 
4810 
4500 
1 Molarity of  KOH a t  25OC. 
2 Calculated f r o m  scaled p a r t i c l e  theory (using t h e  following parameters 
0 
= 2.75, O K ~  = 2.60, oOH- = 3.30, Go = 3.46, OH = 2.87 A) 
'H20 2 2 
3 A t  25OC. 
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Cohen-Turnbull theory is d i f f i c u l t  because of t h e  unknown concent ra t ion  
dependence of t h e  term B. 
Fur ther  work is being done on  d i f f u s i o n  theory using t h e  
Kine t ic  theory. This theory w a s  found t o  be  q u i t e  successfu l  i n  treat- 
ing  d i f f u s i o n  of organic l i q u i d s  and gases i n  e l e c t r o l y t e s  (16). 
26 
REFERENCES CITED 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11 * 
12. 
13. 
14 .  
15. 
Walker, R. D. ,  Seventh Semi-Annual Report, November 1969, NASA 
Research Grant NGR 10-005-022. 
Carnahan, N. F., and K. E. S t a r l i n g ,  J. Chem. Phys., 51 635 (1969). 
T iepe l ,  E. W., and K. E. Gubbins, Technical paper presented a t  t h e  
National AIChE Meeting, August 1970, Denvex, Colorado. 
Bb'ttcher, C. J. F. , "Theory of E l e c t r i c  Polar iza t ion" ,  Elsevier, 
Amsterdam, 1952. 
Walker, R. D., S ix th  Semi-Annual Report, February 1969, NASA 
Research Grant NGR 10-005-022. 
Walker, R. D., Fourth Semi-Annual Report, May 1968, NASA Research 
Grant NGR 10-005-022. 
Gubbins, K. E. ,  Carden, S. N. and Walker, R. D., J. G a s  Chromatography, 
- 3, 98 (1965). 
Shoor, S. K., Walker, R. D. and Gubbins, K. E. ,  J. Phys. Chem., 73, 
312 (1969). 
La i t i nen ,  H. H. ,  and Kolthoff, I. M.,  J. h e r .  Chem. Soe.,  61, 3344 
(1939). 
R a t c l i f f ,  G. A. and Holdcroft, J. G . ,  T r a n s .  I n s t .  Chem. Engrs. 
(London), 41, 315 (1963). 
Cohen, M. H. and Turnbull, D.,  J. Chem. Phys., 1 31, 1164 (1959). 
R e i s s ,  H. ,  F r i sch ,  H. L. and Lebowitz, J. L., J. Chem. Phys., 31, 
369 (1959). 
Shoor, S.  K. and Gubbins, K. E., J. Phys. Chem.,Z, 498 (1969). 
Eley, D. D. ,  Trans. Farad. S O C . ,  35, 1281 (1939). 
Ben-Naim, A. and Egel-Thal, M.,  J. Phys. Chem., 69, 3250 (1965). 
16. Tham, M. K.,  Ph.D. D i s se r t a t ion ,  University of F lo r ida  (1970). 
